The Sec61 translocon forms a pore to translocate polypeptide sequences across the membrane and offers a lateral gate for membrane integration of hydrophobic (H) segments. A central constriction of six apolar residues has been shown to form a seal, but also to determine the hydrophobicity threshold for membrane integration: Mutation of these residues in yeast Sec61p to glycines, serines, aspartates, or lysines lowered the hydrophobicity required for integration; mutation to alanines increased it. Whereas four leucines distributed in an oligo-alanine H segment were sufficient for 50% integration, we now find four leucines in the N-terminal half of the H segment to produce significantly more integration than in the C-terminal half, suggesting functional asymmetry within the translocon. Scanning a cluster of three leucines through an oligo-alanine H segment showed high integration levels, except around the position matching that of the hydrophobic constriction in the pore where integration was strongly reduced. Both asymmetry and the position effect of H-segment integration disappeared upon mutation of the constriction residues to glycines or serines, demonstrating that hydrophobicity at this position within the translocon is responsible for the phenomenon. Asymmetry was largely retained, however, when constriction residues were replaced by alanines. These results reflect on the integration mechanism of transmembrane domains and show that membrane insertion of H segments strongly depends not only on their intrinsic hydrophobicity but also on the local conditions in the translocon interior. Thus, the contribution of hydrophobic residues in the H segment is not simply additive and displays cooperativeness depending on their relative position.
The Sec61 translocon forms a pore to translocate polypeptide sequences across the membrane and offers a lateral gate for membrane integration of hydrophobic (H) segments. A central constriction of six apolar residues has been shown to form a seal, but also to determine the hydrophobicity threshold for membrane integration: Mutation of these residues in yeast Sec61p to glycines, serines, aspartates, or lysines lowered the hydrophobicity required for integration; mutation to alanines increased it. Whereas four leucines distributed in an oligo-alanine H segment were sufficient for 50% integration, we now find four leucines in the N-terminal half of the H segment to produce significantly more integration than in the C-terminal half, suggesting functional asymmetry within the translocon. Scanning a cluster of three leucines through an oligo-alanine H segment showed high integration levels, except around the position matching that of the hydrophobic constriction in the pore where integration was strongly reduced. Both asymmetry and the position effect of H-segment integration disappeared upon mutation of the constriction residues to glycines or serines, demonstrating that hydrophobicity at this position within the translocon is responsible for the phenomenon. Asymmetry was largely retained, however, when constriction residues were replaced by alanines. These results reflect on the integration mechanism of transmembrane domains and show that membrane insertion of H segments strongly depends not only on their intrinsic hydrophobicity but also on the local conditions in the translocon interior. Thus, the contribution of hydrophobic residues in the H segment is not simply additive and displays cooperativeness depending on their relative position.
protein translocation | transmembrane helix T he conserved Sec61/SecY translocon provides a passage for hydrophilic polypeptide sequences across the membrane of the endoplasmic reticulum (ER) or the bacterial plasma membrane (1) . It consists of Sec61α (Sec61p in yeast) with 10 transmembrane domains and the single spanning proteins Sec61β (Sbh1p) and Sec61γ (Sss1p), corresponding in bacteria to SecY/ SecG/SecE. The translocon forms a compact helix bundle that can open a pore across the membrane with a lateral gate toward the lipid membrane. In the idle state, the central pore is closed by a constriction of six, almost invariably hydrophobic side chains and a luminal plug helix. The plug closes and stabilizes the inactive translocon and is displaced by translocating peptides, while the constriction residues form a gasket around them, keeping the translocon sealed to ions and small molecules (2-4).
The lateral gate allows transmembrane helices (TMs) to insert into the lipid phase. Systematic quantitative analyses of membrane integration of mildly hydrophobic sequences (H segments) defined the contribution of each amino acid to the probability of insertion into or transfer across the bilayer (5-9). These studies yielded "biological hydrophobicity scales," similar to scales determined by physical partitioning, suggesting that membrane insertion may be a purely thermodynamic equilibration process. Particularly, it was observed that the contribution of residues is largely additive, with some position effect for certain residues (e.g., polar residues are less harmful, and tryptophan and tyrosine are more favorable at the ends of a TM than in its center; ref. 6 ). However, the apparent insertion-free-energy (ΔG app ) scale was found to be compressed in comparison with the biophysical scales (10, 11) , which rules out equilibration between free solution and the membrane catalyzed by the translocon. The choice is rather between the narrow translocation pore, where conditions differ from free solution, and the membrane environment close to the translocon, which may not be equivalent to bulk lipid (12) (13) (14) . The most prominent feature within the pore is the constriction ring of apolar residues. Mutation of the constriction residues V82, I86, I181, T185, M294, and M450 in yeast Sec61p to more polar residues such as serines or glycines-or even aspartates or lysines-affected the integration process by lowering the threshold for membrane integration from four leucines in a 19-residue oligo-alanine H segment to two leucines or even fewer (15) . Equilibration between the pore environment and the membrane can qualitatively account for these observations. Surprisingly, mutation to alanines increased the threshold to five leucines.
However, the overall process of translocation/insertion is a nonequilibrium process, because the substrate polypeptides are actively moved into the translocon and, unless anchored in the bilayer, pulled into the lumen by chaperone ratcheting in eukaryotes or pushed through by SecA in bacteria. In addition, the ribosome was implicated in influencing the translocon with respect to TM integration and pore sealing (e.g., refs. [16] [17] [18] . Molecular dynamics (MD) analysis suggested that modulation of the channel's gating kinetics is controlled by the TM's hydrophobicity (19) (20) (21) . Other computational studies support the notion that insertion kinetics underlie the experimentally observed thermodynamic partitioning (11) or even attempted to estimate the relevant energy states and barriers (22) . The contribution of thermodynamics and kinetics and the detailed role of the translocon in the exit mechanism are not fully understood yet.
In the present study, we used model H segments of identical net composition, but with asymmetric distribution of hydrophobic
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The Sec61/SecY translocon mediates translocation of hydrophilic amino acid sequences across the membrane and integration of hydrophobic segments as transmembrane helices into the lipid bilayer. The integration process is proposed to correspond to thermodynamic equilibration of the translocating sequence between the translocon and the membrane. Here we probed the conditions in the translocon interior in vivo by scanning a cluster of hydrophobic amino acids through the potential transmembrane segment, scoring for membrane insertion vs. translocation. The results reveal functional asymmetry within the translocon caused by the residues forming the central constriction in the translocation pore. Molecular dynamics simulations correlate the insertion behavior with the hydration profile through the pore. residues, to analyze the insertion process by the yeast Sec61 translocon in vivo. Integration efficiency of these substrates may report on the conditions inside the translocation pore, particularly if insertion is dominated by thermodynamic effects. Indeed, we observed functional asymmetry within the translocon that is mainly mediated by the hydrophobic constriction ring, as could be demonstrated by mutation of the translocon's constriction residues. As a result, the contribution of hydrophobic residues in the H segment is not simply additive, but depends on their position and the internal structure of the translocation pore.
Results
Integration Efficiency Depends on the Distribution of Leucines in the H Segment. To explore the interior of the Sec61p translocon in yeast, we tested the integration efficiency of a variety of moderately hydrophobic H segments as introduced by Hessa et al. (5, 6) . They were inserted into the exoplasmic domain of dipeptidyl aminopeptidase B (DPAPB), a type II single-spanning membrane protein with an uncleaved signal-anchor for cotranslational ER targeting and translocation of its downstream sequence. An H segment in DPAPB-H (as illustrated in Fig. 1A ) thus acts as a potential stop-transfer sequence. Integration of the H segment into the membrane results in modification of the four glycosylation sites in the translocated loop between the two TMs, whereas translocation into the lumen allows glycosylation of all seven sites. The H segments consist of a 19-residue oligo-alanine host sequence flanked by GGPG/GPGG hydrophilic helix-breaking insulators. To increase hydrophobicity, various residues were replaced by leucines, in a first series by introducing up to six leucines distributed throughout the H segment (Fig. 1B) . The fraction of translocated (T) and integrated (I) H segments was determined after pulse labeling, immunoprecipitation, gel electrophoresis, and autoradiography from the intensities of the fully and partially glycosylated forms ( Fig. 1 C and D) . Slightly fewer than four leucines were required in this series to cause 50% integration.
Surprisingly, when four leucines were placed asymmetrically into the H segment (Fig. 2 , wild-type translocon; wt), they caused significantly more membrane integration in the N-terminal half (L4N) than in the C-terminal half (L4C) or when distributed over the entire length (L4). Interestingly, threefold glycosylation was reduced for the H segment with the four leucines in the C-terminal half, suggesting a somewhat different position in the translocon or lipid bilayer and thus improved accessibility of the forth glycosylation site to oligosaccharyl transferase.
To explore this asymmetric effect of hydrophobicity on membrane integration with higher resolution, a cluster of four consecutive leucines was placed at five different positions throughout the H segment (Fig. 3A) . Unexpectedly, the clustered leucines produced nearly complete integration at almost every position ( Fig. 3 B and C) . Integration was always higher than with four distributed leucines, suggesting that clustering of the hydrophobic residues within the H segment gives rise to an apparent cooperativeness that further promotes membrane insertion.
Hydrophobicity at the Apolar Constriction in Sec61p Lowers Membrane
Integration. To bring insertion back into the diagnostic range, clusters of only three and two leucines were scanned through the H segment (Fig. 3) . Double leucines were insufficient to mediate significant membrane insertion at any position. However, whereas three distributed leucines resulted in ∼25% integration, three clustered leucines again integrated more efficiently everywhere (∼40-90%) and with a pronounced asymmetry. Almost complete integration was obtained by triple leucines in the Nterminal half of the H segment or in the center, whereas only ∼40% was observed for triple leucines centered at positions 13-16 in the C-terminal half. This location is exactly the position of the constriction ring in the translocon, as illustrated in Fig. 4 . The translocon is embedded in the lipid bilayer, protruding into the cytosol with its ribosome-binding loops. The N-terminal amphipathic helix of the γ subunit Sss1p lies flat on the cytoplasmic surface. The hydrophobic constriction is situated at the level of the cytoplasmic lipid monolayer. The pore environment may be more favorable for H segments with leucines that can interact with the apolar constriction residues than with leucines more N-terminal in the H segment at the level of the plug cavity or at the very C terminus above the ring.
To test whether the hydrophobic constriction is responsible for the observed asymmetry and position dependence of leucine residues, the various constructs were expressed in yeast cells with mutant Sec61p translocons. Asymmetry of insertion of L4N vs. L4C was lost with mutant translocons in which the six ring residues were mutated to serines (6S) or glycines (6G), but was retained in the alanine mutant (6A; Fig. 2 ). 6S and 6G showed generally increased and 6A reduced integration levels compared with wild-type, consistent with the reduced and increased hydrophobicity threshold of the respective mutants (15) . Scanning a triple-leucine cluster through the H segment revealed that the position effect was largely lost in translocons with 6S or 6G mutations (Fig. 5A ). This result confirms that the constriction ring is responsible for the position effects observed with the wildtype translocon. Disruption of the minor, nonessential Sec61 homolog Ssh1p did not significantly affect the insertion pattern of the triple-leucine H segments with wild-type and 6S Sec61p (Fig. S1 A and B) , confirming that the results reflect the properties of the Sec61 translocon.
The 6A Translocon Mutant Retains Asymmetry of Integration. In agreement with its increased hydrophobicity threshold, the 6A mutant translocon produced very low integration levels for the triple-leucine H segments-too low to reveal any asymmetry (Fig. 5 B, Upper) . For this reason, the constructs with four clustered leucines were analyzed (Fig. 5 B, Lower) . Four-leucine clusters in the N-terminal half of the H segments or at the center produced ∼60-70% integration-much more than four distributed leucines did-whereas in the C-terminal half they led to very low integration. It thus appears that leucine clusters in the 6A translocon pore are similarly favorable on the cytoplasmic side and unfavorable on the luminal side, as in the wild-type channel. This asymmetry was not abolished upon elimination of Ssh1p (Fig. S1C) .
We also analyzed the behavior of construction intermediates in which only one residue of the constriction ring (M294 or M450) or four residues (V82, I86, I181, and T185) were exchanged for alanines. These partial mutants showed an intermediate level of integration for tri-and tetra-leucine clusters, generally consistent with the transition to an increased hydrophobicity threshold. The effects of the single mutants were similar in extent to those of the four-residue mutant, indicating that not all constriction residues contribute equally.
Hydration Profile of Wild-Type and Mutant Translocons. The reduction in membrane integration of triple-leucine clusters located around position 14 in the H segment is likely to arise because the environment at the constriction is more hydrophobic than elsewhere in the translocation pore. Peptides with leucines at the level of the pore ring would be energetically more favorable and thus more stable in the pore and result in reduced membrane integration than with leucines at other positions, where the channel is potentially more polar and more hydrated.
To characterize the hydration profile of the translocon pore, we performed MD simulations of wild-type and mutant translocons [based on the Methanococcus jannaschii (M.j.) SecYEβ structure] embedded in a lipid bilayer and containing an H segment (L3-14) . The water densities in the respective pores are illustrated in Fig. 6 . In all cases, the water molecules form an hourglass shape and the peptide finds an equilibrium position at the interface between the water in the pore and the membrane lipid. The water density is interrupted at the level of the pore ring in the wild-type translocon and is minimal in the 6A mutant compared with the 6S and 6G mutants. The extent of hydration thus mirrors the observed asymmetry of insertion in the wild-type and 6A mutant translocon.
Discussion
Thermodynamic equilibration of a translocating peptide segment between the translocon and the lipid membrane is an attractive mechanism of membrane integration of TMs. In its simplest form, the polypeptide passes through the pore as it is synthesized by the ribosome and, when in register with the lipid bilayer, is free to exit the pore and to return, thus sampling the environments inside and outside the translocon. This process is stopped when the peptide has moved out of register. If the transport rate is limited by the rate of translation, which is in the range of 3-10 residues per second in yeast (23) , equilibration would occur in a time window in the order of ∼1 s.
Because the lipid phase can be considered symmetrical, any asymmetry of integration found for H segments of identical composition, but unequal distribution of residues, reflects an asymmetry within the translocon. If the most hydrophobic residues of an H segment match the most apolar environment within the translocon, one would predict reduced membrane integration, whereas in the opposite case, increased stop-transfer activity would be expected. Such uneven insertion behavior was observed for H segments with leucine clusters placed throughout an oligoalanine host sequence. Asymmetric efficiency of membrane insertion was found with a minimum for leucine triplets in the cytoplasmic half centered at position 14. This location corresponds to the apolar region at the level of the constriction ring, which forms a gasket around the translocating peptide. The translocon with a height of ∼65Å is asymmetrically embedded in the membrane extending ∼25Å into the cytoplasm. The central constriction ring is situated at the level of the cytoplasmic half of the lipid bilayer (as illustrated in Fig. 4) , with the plug cavity matching up with the luminal half. The observed insertion pattern thus highlights that the environment within the translocation pore is not homogeneously aqueous, but structured, and that hydration is limited by the spatial confinement of the passage.
Mutation of the apolar ring residues to serines-which provide hydrogen-bond partners-or to glycines-which provide space and access to the polar peptide backbone to water moleculeseliminates the hydrophobic belt in the pore and is reflected in a loss of integration asymmetry. In contrast, mutation to alanines retained asymmetry, suggesting lower polarity in the cytoplasmic half of that portion of the translocon that is embedded in the lipid bilayer. This finding is qualitatively supported by the MD simulations that show low hydration of a model H segment in this portion of the 6A mutant translocon.
Previous MD simulations (19) and cryo-electron microscopy structures (24, 25) suggested that the plug might not completely leave its cavity in the translocon, but only move sideways to accommodate the translocating peptide. Indeed, immobilization of the plug inside bacterial SecYEG did not impair functionality of the translocon (26) . Fluorescence lifetime analysis of N-((2-(iodoacetoxy)ethyl)-N-methyl)amino-7-nitrobenz-2-oxa-1,3-diazole (NBD)-modified plugs showed an increase in solvent exposure with a translocation intermediate, but clearly less than expected for full solvent exposure (27) . With the plug domain largely remaining in the channel, the water content in the luminal cavity and the polarity difference to the cytoplasmic half of the pore is thus most likely less pronounced than suggested in Fig. 6 in the absence of the plug. By its surface properties and narrowness, the translocon also facilitates the folding of the H segment into an α-helical state matching the dimensions of the hydrophobic lipid core, as suggested by simulations (28). Insertion of the polypeptide into the pore already causes partial opening of the gate and allows H segments to contact lipids, as is apparent from the structure of Pyrococcus furiosus SecYEβ (where the C-terminal helix of one SecY in the crystal is partially inserted in the other; ref. 29) and from MD simulations (e.g., refs. 11, 19, and 20) . It is thus likely that the H segment orients itself in the pore and the gate to maximize contact of hydrophobic residues with the lipid. This behavior might in part explain why three or four consecutive leucines generally yield more membrane integration in the wild-type translocon than dispersed ones, because more leucines will have to face the interior of the pore. It has previously been observed that the helical hydrophobic moment of leucine-containing oligo-alanine H segments correlates with varying integration efficiency (5). Furthermore, dispersed leucines may be more easily accommodated within an oligo-alanine sequence than clustered ones, which are sterically unfavorable within a narrow pore. Surprisingly, Hessa et al. (ref. 6 , supplementary materials) only observed minimal position effects for similar triple-leucine clusters in the mammalian in vitro system. Whether this discrepancy is due to the reduced translation rates or BiP binding efficiencies in the in vitro system or to other differences to the yeast situation remains to be analyzed.
In the yeast system, we find that the contribution of amino acids to membrane integration is not strictly additive. This finding does not detract from the generality and the predictive power of the von Heijne rules and does not argue against the influence of the ribosome on translocon function (e.g., refs. 16 and 17), but highlights how the detailed environment within the translocon channel affects the thermodynamics of the integration process, causing striking asymmetry of membrane insertion for the leucine/alanine model sequences.
Materials and Methods
Yeast Strains. Yeast strains expressing wild-type and mutant Sec61p with and without SSH1 were described in Junne et al. (15) . They are based on RSY1293 (matα, ura3-1, leu2-3,-112, his3-11,15, trp1-1, ade2-1, can1-100, sec61::HIS3, They were cloned into the expression plasmid pRS426 (URA3 2μ) with a glyceraldehyde-3-phosphate dehydrogenase promoter and a C-terminal triple-HA tag.
Labeling and Immunoprecipitation. Yeast cells were in vivo pulse-labeled for 5 min with 150 μCi/mL [ 35 S]methionine/cysteine (PerkinElmer). Cells were lysed with glass beads, heated at 95°C for 5 min with 1% SDS, cleared by centrifugation, subjected to immunoprecipitation, and analyzed by SDS-gel electrophoresis and autoradiography as described (2) . Signals were quantified by phosphorimager. For deglycosylation, the immune complexes were released from protein A-Sepharose by boiling in 50 mM Na citrate, pH 6, and 1% SDS, and incubated with 1 mU endo-β-D-N-acetyl glucosaminidase H for 2 h at 37°C.
MD Simulations. The simulation systems were prepared by using the crystal structure of the SecY translocon from M. jannaschii (Protein Data Bank ID code 1RHZ) in which the lateral gate is in a closed state (31) . Because plugdeleted mutants were shown to be viable (2), the plug domain was removed to simplify the placement of a peptide into the pore of SecY. Residues 46-67 forming the plug domain were replaced by a single glycine. By using the CHARMM-GUI web server (32), the protein was assembled into a bilayer composed of 389 dimyristoylphosphatidylcholine lipids and solvated with 29,000 water molecules and 0.15 M KCl. The system containing 142,352 atoms was placed in an orthogonal box of 116 × 125 × 96 Å 3 . All simulations were performed with the NAMD (33) simulation package by using the CHARMM 27 force field (34). The cutoff for van der Waals interactions was taken at 12 Å with a switching function used after 10 Å. The calculation of electrostatic interactions was performed by using the Particle-Mesh Ewald algorithm. The integration time step was 1 fs. Short-range nonbonded interactions were calculated every two steps and long-range interactions every four steps. Simulations were performed in an isothermal-isobaric ensemble with a pressure of 1 atm and a temperature of 315 K. The lateral gate of SecY was opened by steered MD using the ABF and COLVARS modules of NAMD (33) . The gate opening was of 16 Å, wide (450)], the other four residues V82, I86, I181, and T185 (4A), or all six (6A) were mutated. Average and SD of at least three independent experiments are shown. The horizontal lines indicate the integration levels of distributed leucines (as in Fig. 1B and ref. 15 ).
enough to fit an α-helical peptide inside the pore of SecY. After 5 ns of equilibration of the structure with the lateral gate opened, the L3-14 helical peptide was placed into the pore of SecY. The center of mass of the L3-14 peptide was aligned with the center of the bilayer. The systems for the different SecY mutants were prepared by mutating the pore-ring residues in the equilibrated system of the plug-deleted SecY with its lateral gate open. Simulations were performed for 70 ns. Snapshots of the H segment at every 10 ns are summarized in Fig. S2 . Water densities shown in Fig. 6 were calculated by using the last 50 ns of the simulation trajectories. 
